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Summary
Cohesin is a protein complex that ties sister DNA molecules
from the time of DNA replication until the metaphase to
anaphase transition. Current models propose that the
association of the Smc1, Smc3, and Scc1/Mcd1 subunits
creates a ring-shaped structure that entraps the two sister
DNAs [1]. Cohesin is essential for correct chromosome
segregation and recombinational repair. Its activity is there-
fore controlled by several posttranslational modifications,
including acetylation, phosphorylation, sumoylation, and
site-specific proteolysis. Here we show that cohesin sumoy-
lation occurs at the time of cohesion establishment, after
cohesin loading and ATP binding, and independently from
Eco1-mediated cohesin acetylation. In order to test the func-
tional relevance of cohesin sumoylation, we have developed
a novel approach in budding yeast to deplete SUMO from all
subunits in the cohesin complex, based on fusion of the
Scc1 subunit to a SUMO peptidase Ulp domain (UD). Down-
regulation of cohesin sumoylation is lethal, and the Scc1-UD
chimeras have a failure in sister chromatid cohesion. Strik-
ingly, the unsumoylated cohesin rings are acetylated. Our
findings indicate that SUMO is a novel molecular determi-
nant for the establishment of sister chromatid cohesion,
and we propose that SUMO is required for the entrapment
of sister chromatids during the acetylation-mediated closure
of the cohesin ring.
Results and Discussion
SUMO is conjugated to lysine residues by the sequential
action of E1 and E2 enzymes (reviewed in [2]). Sumoylation is
completely reversible, and deconjugation of SUMO is medi-
ated by members of the Ulp/SENP family of peptidases [3].
Sumoylated species are low-abundant and short-lived, prob-
ably because of the high activity of SUMO peptidases in the
cell [4]. Cohesin subunits are known to be modified by the
small ubiquitin-like modifier (SUMO) [5–7], but the physiolog-
ical importance of this modification is currently unknown.
Overexposure of western blots from extracts of Scc1-18myc
tagged yeast cells reveals a few slow mobility forms of Scc1
that accumulate after DNA damage and are dependent on
Ubc9 (Figure S1A available online). Pull-down experiments
using a 6xhis-Flag (HF) N-terminal tag on SUMO confirmed
that both the core and the more loosely associated subunits
of the cohesin complex are sumoylated (Figure 1A). Given
that cohesin is subjected to a strict regulation by the cell cycle,*Correspondence: jordi.torres@cmb.udl.catwe asked whether cohesin sumoylation also changes during
cell-cycle progression. As shown in Figure 1B, Smc1 sumoyla-
tionpeaks shortly afterG1 releaseat 30C, coincidentwithDNA
replication (Figure 1B). Accordingly, Pds5 sumoylation has
been shown to peak during DNA replication [5], and Scc1
sumoylation is maximal during S phase, before its anaphase
cleavage (Figure S1B), confirming that different cohesin sub-
units become SUMO targets during chromosome replication.
We next examined the molecular requirements for cohesin
sumoylation. Ubc9 can conjugate SUMO directly to the target
protein, or in collaboration with E3 ligases. Sumoylation of
Smc1 and Smc3 depend on the Mms21 ligase ([8] and data
not shown). In contrast, Scc1 sumoylation is only marginally
affected by the three known mitotic yeast E3 ligases (Fig-
ure 1C), indicating that individual cohesin subunits might
differently depend on E3 ligases, at least under unperturbed
conditions. An ATP binding and hydrolysis cycle by the nucle-
otide binding domain of the SMC subunits is necessary during
cohesin loading and cohesion establishment [9, 10]. The
Smc1(K39I) mutant, which abrogates ATP binding (as well as
interaction with Scc1), shows no detectable sumoylation (Fig-
ure 1D). An F584R mutation on the Smc1 protein that impairs
SMC heterodimerization and loading onto chromatin (but not
binding to Scc1) [11] also shows no detectable sumoylation
levels. In contrast, a mutant Smc1 protein that blocks ATP
hydrolysis (E1158Q mutation) shows detectable, albeit dimin-
ished, levels of sumoylation (Figure 1D). The Smc1(E1158Q)
protein can be transiently loaded onto chromatin, but does
not entrap chromatin fibers and therefore cannot establish
sister chromatid cohesion (SCC) [10]. Loading of cohesin
onto chromosomes occurs during G1 and is mediated by a co-
hesin loader, the Scc2/4 complex [12]. As shown in Figure 1E,
sumoylation of Scc1 also requires the activity of Scc2. Taken
together, these results indicate that sumoylation of the cohe-
sin complex takes place in a window between cohesin loading
by Scc2/4 and chromatin entrapment during ATP hydrolysis.
These results are in accordance with cohesin sumoylation
occurring at the time of chromosome replication, and suggest
that SUMO might play a role during the establishment of
cohesion.
Fusion of Ubc9 to a target protein has been recently shown
to strongly induce sumoylation of the protein at its specific
residue/s [13]. In order to assess a possible functional role
for cohesin sumoylation, we decided to set up an analogous
approach, consisting in fusion of the a-kleisin subunit of the
cohesin complex to a SUMO deconjugating domain (Fig-
ure 2A).We reasoned that this approach should result in down-
regulation of cohesin sumoylation levels without the need to
simultaneously mutate all the modifiable cohesin subunits.
Budding yeast cells code for two SUMO specific proteases,
Ulp1 and Ulp2, and Ulp1 has been shown to have greater
activity than Ulp2 in vitro [14, 15]. Ulp1 is a 72 KDa protein,
but only the last 200 amino acids of the protein code for a fully
functional Ulp domain (UD). We therefore fused the C terminus
of Scc1 to the UD of Ulp1. We engineered the fusions to be
attached to a 3xHA tag, as a linker to allow the physical sepa-
ration and proper folding of the two proteins. Overexpression
of a Scc1-UD fusion lowered sumoylation of Smc1, Scc3 and
Figure 1. All Cohesin Subunits Are Sumoylated and Their Modification Occurs during S Phase, after Loading onto Chromatin and ATP Binding by SMC
Subunits
(A) Analysis of sumoylation of different subunits of the cohesin complex. 6His-Flag (HF) tagged SUMO was pulled down (P.D.) under denaturing conditions
from yeast protein extracts (P.E.). Samples were prepared from strains expressing the indicated 9myc-tagged versions of cohesin subunits at their endog-
enous locus. Note the appearance of slowermobility forms of cohesin subunits in the pull down, indicative ofmodification by SUMO. The gray asteriskmarks
the unsumoylated form.
(B) AHF-SUMOSmc1-9myc tagged strain was arrested in G1with alpha factor and released into a synchronous cell cycle. Sampleswere taken for FACS and
SUMO pull-down analysis at regular intervals. Note that Smc1 is not sumoylated in G1, reaches amaximum during DNA replication, and drops as cells reach
2N DNA content. exp, exponentially growing cells.
(C) Samples of exponentially growing wild-type and SUMO ligase mutant cells were processed as in Figure 1A. Note thatmms21DC and double siz1D siz2D
marginally affect the pattern and levels of sumoylated Scc1-18myc species. Note also that most sumoylation in the cell is dependent on Siz1 and Siz2, while
Mms21 mutation increases the levels of sumo conjugates.
(D) Samples of wild-type cells expressing an ectopic copy of Smc1-9myc (wild-type or the indicated mutations) and HF-SUMO were processed as in Fig-
ure 1A. Note that Smc1 sumoylation requires ATP binding (blocked in the K39I mutant) and association with chromatin (impaired in F584R mutant), but not
ATP hydrolysis (blocked in the E1158Q mutant).
(E) Cultures of wild-type and scc2-4mutant cells, expressing HF-SUMO and Scc1-6HA, were grown exponentially at 25C, and then shifted at 37C for 2 hr
before collection. Note that a functional SCC2 gene is required for Scc1 sumoylation.
In (B)–(E), arrows point to position of unmodified form, while vertical lines indicate position of sumoylated forms of cohesin.
See also Figure S1.
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sumoylation of different subunits in the cohesin complex. In
order to discard the possible global reduction in protein su-
moylation due to overexpression of a SUMO peptidase, we
placed the chimeras under the control of the SCC1 promoter.
Additionally, the endogenous SCC1 gene was fused toan auxin induced degron (scc1-aid) [16], and the protein
degraded before analyzing cohesin sumoylation. As shown
in Figures 2B and 2C, the Scc1-UD fusion itself and the
Smc3 subunit show reduced levels of sumoylation when
expressed at physiological levels, indicating that downregu-
lation of cohesin sumoylation is a local effect, and not the
Figure 2. Fusion of the Scc1 Subunit to a Ulp
Domain Downregulates Sumoylation of Cohesin
Rings
(A) Rationale for the alteration of cohesin sumoy-
lation: fusion to a Ulp domain (UD) should force
premature desumoylation of cohesin.
(B) HF-SUMO strains expressing the indicated
constructs from the SCC1 promoter were grown
to exponential phase, and protein extracts were
processed as in Figure 1A. Note that fusion of
Scc1 to the active UD downregulates sumoyla-
tion of the chimera.
(C) HF-SUMO Smc3-9myc strains were trans-
formed with an integrative vector to express the
indicated SCC1 constructs from the SCC1 pro-
moter. Protein extracts were processed as in
Figure 1A. Note that Smc3 sumoylation is down-
regulated when Scc1-UD is expressed, in a UD
catalytic site, and UD SUMO binding-dependent
manner.
(D) Extracts from Scc3-9myc-tagged cells
expressing the indicated constructs under the
SCC1 promoter were immunoprecipitated with
anti-HA antibodies. Protein extracts (P.E.) and
immunoprecipitates (IP) were analyzed by
western blot with the indicated antibodies. Note
that Scc1 fusions interact with similar efficiency
with Scc3.
See also Figure S2.
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regulation of cohesin ring sumoylation was dependent
on the catalytic cysteine 580 in the Ulp domain, and its
mutation to serine (Scc1-UDCS) allowed recovery of cohesin
sumoylation levels (Figure 2C). In fact, this mutation not
only restores but actually upregulates sumoylation of most
cohesin subunits (Figures 2C and S2). The cohesin hypersu-
moylation detected in the Scc1-UDCS fusion could reflect
the binding of the inactive domain to cohesin-SUMO conju-
gates, and the consequent block in deconjugation by the
endogenous Ulp peptidases [17, 18]. In accordance with
this hypothesis, sumoylation of Smc3 and Scc1-UD was
restored to wild-type levels when the F474A mutation, known
to prevent Ulp1 binding to SUMO [19], was introduced in the
inactive UDCS domain (Scc1-UDFA,CS). These results indicate
that fusion of the a-kleisin to a UD domain effectively alters
the sumoylation state of assembled cohesin rings. In agree-
ment with this, coimmunoprecipitation experiments con-
firmed that the Scc1-UD chimeras are able to interact with
Scc3 (Figure 2D) and Smc3 (Figure 4E) with similar efficien-
cies as wild-type Scc1. These observations demonstrate
that the Scc1-UD fusion does not affect the integrity of cohe-
sin rings.
Next, we analyzed the functionality of the UD fusion
proteins. Expression of the SCC1-UD fusion from the GAL
promoter is toxic inmcd1/ scc1 thermosensitive backgrounds
(Figures S3A and S3C). The lethality of Scc1-UD overexpres-
sion is not simply due to increased nuclear levels of the Ulp1
domain, because a similarly expressed SMC5-UD fusion is
not toxic but able to rescue growth of a thermosensitive
SMC5 allele (Figure S3B; Smc5 is a subunit of cohesin-related
SMC complex that is also modified by SUMO [20]). It is worth
noting that the lethality is no longer observed when the
Scc1-UD fusion is expressed at physiological levels from an
SCC1 promoter (Figure 3A); yet it does not complement the
thermosensitive phenotype of scc1-73 cells, indicating thatcohesin sumoylation is required for viability. In order to prove
that these effects are due to the SUMO peptidase activity of
the Ulp domain, we tested the growth of yeast cells expressing
inactive versions of this moiety. As shown in Figure 3A, the
Scc1-UD growth defects can be suppressed by inactivation
of the SUMO peptidase domain (Scc1-UDCS and Scc1-
UDFA,CS chimeras). Desumoylation is probably required to
fine-tune the function of cohesin, because preventing binding
of the inactive Ulp domain to SUMO (Scc1-UDFA,CS fusion)
enables full rescue of the scc1-73 allele (Figure 3A) and normal
levels of cohesin sumoylation (Figures 2B and 2C). Taken
together, these results indicate that sumoylation, and to
a lesser extent its deconjugation, are required for cell viability
and cohesion function.
One possible explanation for the Scc1-UD phenotypes is
that downregulation of cohesin sumoylation might impair its
binding to chromatin. In order to explore this possibility, we
used chromatin fractionation to separate Triton X-100 soluble
supernatant and chromatin pellet fractions. As shown in Fig-
ure 3B, we detected no difference in chromatin binding
between the functional Scc1-UDFA,CS chimera and the nonsu-
moylated Scc1-UD fusion protein. Given that cohesin rings are
properly assembled around an Scc1-UD fusion and efficiently
bound to chromatin, but are not functional, we reasoned that
downregulation of cohesin sumoylation might impair sister
chromatid cohesion (SCC). scc1-73 cells were prearrested in
G1 and released into a metaphase block after induction of
the Scc1-UD chimeras. SCC was measured by evaluation of
the levels of separated fluorescent chromosome tags inserted
next to centromere 5. Expression of the SCC1-UD from the
GAL promoter does not rescue the SCC defects of scc1-73
mutant cells (Figure 3C). This phenotype is dependent on UD
binding to and deconjugating SUMO. Similar observations
were made when the chimeras were expressed from the
SCC1 promoter (Figure S3D). Sumoylation of cohesin takes
place during S phase, after its loading onto chromatin and in
Figure 3. Downregulation of Cohesin Sumoyla-
tion Is Lethal and Induces Centromeric Cohesion
Defects
(A) scc1-73 thermosensitive cells ectopically ex-
pressing the indicated constructs from the
SCC1 promoter were plated on YPD and allowed
to grow at the indicated temperatures. Note that
expression of SCC1-UD does not complement
the scc1-73 thermosensitivity, while the SCC1-
UDFA,CS chimera is fully functional.
(B) Cells expressing noHA-tagged protein (untag)
or the Scc1-UD or Scc1-UDFA,CS chimeras were
grown to exponential phase and samples
were taken for chromatin fractionation. Blots
were probed for the Scc1 fusions with anti-HA.
Controls for a chromatin bound protein (histone
H3), and nuclear soluble (Rpd3) and cytoplasmic
soluble (Hexokinase) proteins are also shown.
Note that Scc1-UD and Scc1-UDFA,CS are simi-
larly bound to chromatin. WCE, whole-cell ex-
tract; SN, soluble supernatant; CP, chromatin
pellet.
(C) Wild-type or scc1-73 cells carrying a chromo-
some tag on centromere 5 were arrested in G1.
Once arrested, the GAL promoter was switched
on to allow expression of the indicated SCC1
fusions, and the culture shifted to 36C to inacti-
vate the scc1-73 allele. After 30 min, cells were
released into a synchronous cell cycle at 36C,
arrested in metaphase with nocodazole and
observed microscopically for centromere cohe-
sion. Note that SCC1 expression allows SCC in
a scc1-73 background, while the Scc1-UD fusion
does not. Bars indicate mean values for three
independent experiments; lines on bars are stan-
dard deviation.
See also Figure S3.
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Therefore, our results strongly suggest that sumoylation of
cohesin is required for its establishment, although we cannot
formally exclude the possibility that SUMO is required for the
maintenance of SCC.
The establishment of SCC depends on acetylation of two
lysine residues (K112 and K113) in Smc3 by Eco1/Ctf7
[21, 22]. Hence we tested the functional relation between acet-
ylation and sumoylation of cohesin. First we performed SUMO
pull-down experiments in eco1-1 thermosensitive cells. As
shown in Figure 4A, Scc1 sumoylation levels were not affected
by the presence of the eco1-1mutation, neither at the permis-
sive (23C) nor after shift to the restrictive (37C) temperatures.
Sumoylation of the Smc3 subunit is also not affected by inac-
tivation of Eco1 (Figure S4A), indicating that sumoylation is
required before, or in parallel to, acetylation, for the establish-
ment of SCC. Next, we tested the acetylation state of Smc3 in
cells that are impaired in cohesin sumoylation. To this end, we
first validated our anti-lysine antibodies, which recognize
a band of the expected molecular weight in Smc3-3HA immu-
noprecipitates but not in the nonacetylated Smc3(K112R,
K113R)-3HA double mutant (Figure 4B). We next checked
Smc3 acetylation in cells that express the SCC1 gene fused
to an auxin-inducible degron (scc1-aid). As expected, Smc3
acetylation levels lowered after degradation of the Scc1-aid
protein during a 2 hr time course (Figure 4C). In contrast,
expression of Scc1 or the Scc1-UD in scc1-aid cells allowed
themaintenance of Smc3 acetylation levels, indicating that co-
hesin sumoylation is not required for its acetylation. Similar
observations were made after inactivation of the ubc9-1thermosensitive allele (Figure S4B). Although Smc3 acetyla-
tion levels do not depend on sumoylation of cohesin, we
reasoned that the interaction between Scc1 and the acetylated
form of Smc3 might become impaired when cohesin is not su-
moylated. To discard the possible competition between the
endogenous Scc1 protein and the UD chimeras for binding
to acetylated Smc3, we first checked that Smc3 acetylation
levels drop when the scc1-73 allele is inactivated by shift to
the restrictive temperature (Figure 4D). We next introduced
a second copy of the wild-type SCC1 or the SCC1-UD fusions
in scc1-73 cells. As shown in Figure 4E, Scc1 and the Scc1-UD
fusions are able to coimmunoprecipitate similar amounts of
acetylated Smc3. Taken together, these results indicate that
cohesin sumoylation is necessary neither for Smc3 acetylation
nor for the interaction between Scc1 and acetylated Smc3.
Therefore, both modifications, acetylation and sumoylation,
must be required in parallel for the establishment of SCC.
These results are surprising, because to our knowledge, this
is the first case reported in which Smc3 is acetylated but has
not yet established SCC. Cohesin acetylation is no longer
required when the antiestablishment activity is eliminated.
However, deletion of RAD61 in scc1-73 cells did not recover
the growth defects of SCC1-UD expressing cells (Figure S4C),
what indicates that sumoylation must promote SCC through
a mechanism different from counteracting the antiestablish-
ment activity.
Here we have provided evidence that sumoylation of cohe-
sin is required for the establishment of SCC. Although cohesin
sumoylation occurs during S phase, it can also be triggered by
DNA damage (Figure S1). Double-strand breaks stimulate
Figure 4. Unsumoylated Cohesin Can be Effi-
ciently Acetylated, and Vice Versa
(A) ECO1 and eco1-1 cells carrying HF-SUMO
Scc1-6HA tags were grown at 23C. The cultures
were splitted in two, and one half were incubated
at 37C to inactivate the eco1-1 allele. Samples
were taken 2 hr after transfer to the restrictive
temperature and analyzed as in Figure 1A. Note
that cohesin is sumoylated in an eco1-1 back-
ground.
(B) Immunoprecipitates from cells expressing
a 3HA tagged copy of wild-type Smc3 or the non-
acetylated mutant Smc3 protein (Smc3KKRR)
were probed with anti-HA to detect the total
amount of Smc3-3HA and anti-Ac-Lys antibodies
to test the levels of acetylation.
(C) scc1-aid Smc3-9myc cells expressing the
indicated constructs from the SCC1 locus were
grown to exponential phase and protein extracts
subjected to immunoprecipitation using anti-myc
antibodies. Western blots were probed with anti-
acetyl lysine antibodies to detect levels of acety-
lation and reprobed with anti-myc to detect the
levels of immunoprecipitated Smc3. Note that
Smc3 acetylation levels drop after addition of
auxin, and this effect can be counteracted by
expression of sumoylated (Scc1 and Scc1-
UDFA,CS) or unsumoylated (Scc1-UD) cohesin.
(D) scc1-73 Smc3-6HA cells were grown at 25C
to exponential phase, the culture divided in two,
and one half shifted to 37C for 2 hr. Smc3 was immunoprecipitated from protein extracts and analyzed by Western blot to detect the acetylated and
the total amount of Smc3-6HA.
(E) scc1-73 cells expressing the indicated constructs were grown to exponential phase and heat-shocked as in (D). Scc1-3HA and the Scc1-UD chimeras
were immunoprecipitated and analyzed by western blot with anti-acetyl-lysine antibodies to detect the amount coimmunoprecipitating acetylated Smc3.
Note that the unsumoylated versions of cohesin are acetylated.
See also Figure S4.
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[23, 24], and this situation may similarly require the SUMO-
dependent step for entrapment of sister chromatids (see
[25]). On the other hand, analysis of the Scc1-UD fusion, which
is defective in cohesin sumoylation, shows that SUMO is
essential for cohesion and cell viability. We currently cannot
discard the possibility that Scc1-UD fusion might be affecting
the sumoylation state of other nearby factors involved in SCC.
We note that other reports have already pointed to a link
between SUMO and cohesin [7, 8], and based on genetic
evidence it has been proposed that Pds5 sumoylation would
be detrimental for SCC [5]. Pds5 is a subunit that has apparent
antagonistic roles in cohesin function [26–29]. This duality
might be easily explained by a putative role of Pds5 in prevent-
ing ring opening [27], a process that would be inhibited during
establishment, but shortly afterward reactivated to prevent
DNA release. Similarly, sumoylation might promote cohesion
through mechanisms that involve transient opening of the
ring during the process of cohesion establishment at the
replication fork. Since all subunits are conjugated to SUMO
it is highly probable that sumoylation of different sub-
units will be redundant for establishment during a normal cell
cycle.
It has been proposed that Smc3 acetylation locks cohesin
rings around sister chromatids [30–32]. This modification
persists until anaphase, to make closed cohesin rings refrac-
tory to the antiestablishment activity. Our results indicate
that unsumoylated cohesin complexes are efficiently acety-
lated. Consequently, and based on current models, the
Scc1-UD chimerasmust be locked in the closed conformation;
but, since they do not provide cohesion, unsumoylated ringsmight not embrace sister chromatids. Therefore, our results
suggest that cohesin sumoylation is required transiently dur-
ing chromosome replication to promote entrapment of the
two sister chromatids. From this point of view, it is worth
noting that the short-lived nature of the SUMO conjugates is
perfectly suited for this purpose.
Experimental Procedures
Adescription of themethods and a list of strains used in this study (Table S1)
can be found in the Supplemental Information.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, four figures, and one table and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.06.046.
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